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A B S T R A C T  
We investigate the effects of the cooling of intrusive and extrusive igneous bodies on the 
temperature history and surface heat flow of the Parana Basin. The  Serra Geral igneous 
event (130-135 Ma) covered most of this basin with flood basalts. Associated with this event 
numerous sills and dykes intruded the sediments and basement, and extensive underplating 
may have occurred in the lower crust and upper mantle beneath the basin. We develop an 
analytical model of the conductive cooling of tabular intrusive bodies and use it to calculate 
temperatures within the sediments as a function of time since emplacement. Depending on 
the thickness of these igneous bodies and the timing of sequential emplacement, the thermal 
history of a given locus in the basin can range from a simple extended period of higher 
temperatures to multiple episodes of peak temperatures separated by cooling intervals. The 
cooling of surface flood basalts, sills and dykes is capable of maintaining temperatures abovc 
the normal geothermal gradient temperatures for a few hundred thousand years, while 
large-scale underplating may influence temperatures for up to 10 million years. We conclude 
that any residual heat from the cooling of the Serra Geral igneous rocks has long since 
decayed to insignificant values and that present-day temperatures and heat flow are not 
affected. However, the burial of the sediments beneath the thick basalt cap caused a 
permanent temperature increase of up to 50°C in the underlying sediments since the 
beginning of the Cretaceous. 
INTRODUCTION then we estimate the thermal cffccts of a large underplate 
The region covered by the Paranh Basin contains a great 
volume of igneous rocks associated with the Cretaceous 
Serra Geral flood basalt event. Furthermore, this large 
magmatic event occurred within a narrow time interval, 
making it one of the most spectacular igneous events in 
Earth history. Assuming that the extruded igneous rocks 
may represent only a fraction of the total amount of melt 
generated during this event, it is possible that a large 
volume of the melt intruded and underplated the 
sediments and crystalline crust. In this paper we address 
the influence of the solidification and cooling of such a 
beneath the basin. 
At  the present-day, heat flow in the Parani Basin 
ranges from 40 to 75 mW mpz (Hurter, 1992). Lower and 
more uniform values are found in the central part of the 
basin whereas the eastern margin has higher and more 
variable heat flow. The mean (kSD) heat flow for 56 
sites within the basin is 56 + 11 mW m-’ with geo- 
thermal gradients ranging from 20 to 30 K km such 
that the temperature within the sediments varies from 
20°C close to the surface to about 150°C at 5 km depth 
(Hurter, 1992). 
THE S E R R A  G E R A L  IGNEOUS 
EVENT 
volume of magma upon the temperatures and heat flow in 
the Paranh Basin over time. We develop an analytical 
solution to the heat conduction equation that yields 
Intrusions, extrusions and underplating temperature as a function of time due to sill-like 
intrusions or extrusive flows on to the surface. First we 
assess the temperature perturbation due to the cooling of The Serra Geral igneous event at 130-135 Ma (Rocha 
flood basalt and sills intruded into the sediments, and Campos et ul., 1988) resulted in the extrusion of 
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voluminous flood basalts and pervasive dykc and sill 
intrusion into the sediments and basement of the Parani 
Basin. The present-day extent of these basalt flows is of 
the order of lo6 km', and the thickest flood basalt 
accumulation is about -1.7 km. A stacking of about 20 
flows is reported by Ernesto & Pacca (1988). Sill 
intrusions occur in the entire basin, with an average 
individual thickness of 10-20 m, but exceeding hundreds 
of metres in some cases (Melfi et ul., 1988). The 
cumulative sill thickness may comprise up to 30% of the 
total stratigraphic column (Zalan et al., 1991). Vertical 
profiles of basalt flows have yielded essentially con- 
temporaneous K-Ar dates (Rocha Campos et a/.,  1988). 
Palaeomagnetic studies of lava flows indicate that up to 
1 km of basalt could have piled up in 1 Myr or less 
(Ernesto & Pacca, 1988). This is supported by a recent 
study including wOAr/ "Ar age determinations dating the 
initiation of volcanism in the southern part of the basin at 
133 f 1 Ma, lasting for less than 1 yr (Renne el al., 
1992). 
White & McKenzie (1989) argue that large volumes of 
melt can be generated under lithosphere in extension, by 
adiabatic decompression of rising mantle material, a 
situation that may precede continental rifting. Only a 
fraction of the melt produced by decompression is 
extruded at the surface. White (1989) estimates that 
perhaps the total volume of igneous rocks emplaced 
could be a factor of two to three greater than the extruded 
portion. On the basis of model calculations, a 10-15 km 
layer of underplated material could be generated and 
emplaced within 5 Myr (Furlong & Fountain, 1986). 
Molina CL al. (1989), in modelling and interpreting gravity 
anomalies in the northern Paranh Basin, suggest that the 
extrusion of flood basalt may have been accompanied by 
underplating and that the mafic material that did not 
ascend to the surface may have solidified in the lower 
10-20km of the crust, intruding the lower crust and 
underplating it with high-density mafic material. 
To summarize, the Serra Geral igneous event at 
130-135 Ma extruded a great volume of flood basalts 
rapidly. The  associated intrusive bodies (dykes and sills) 
are clearly related to the flood basalts, and their intrusion 
800 km 
4 b 
is practically simultaneous to the extrusion event. Figure 
1 shows a hypothetical crustal section depicting the 
various kinds of igneous bodies associated with this 
event, including the possible existence of a large 
underplate. 
T H E O R Y  OF M U L T I P L E  
I N T R U S I O N S / E X T R U S I O N S  
Here we develop the theoretical analysis to calculate the 
temperature history of the sediments due to the 
extrusion of basalt flows at the surface and the intrusion 
of sills in the subsurface. We have derived an analytical 
heat condition model that allows temperatures as a 
function of depth and time to be calculated at any time 
after intrusion of multiple sills, arbitrarily distributed 
throughout the sedimentary column. As sills are by 
definition laterally extensive compared with thcir thick- 
ness, and the heat lost due to cooling is principally in the 
vertical direction, it is reasonable to use a one- 
dimensional model in which sills are represented by 
horizontally infinite slabs, bounded on top and bottom by 
parallel planes. The temperature as a function of depth 
and time since intrusion of a single sill can be obtained 
through the analytical solution to the one-dimensional 
time-dependent heat conduction equation with no 
sources or sinks: 
a2T 1 dT 
= 0. az2 (Y at 
For a sill with top at depth z = a and bottom at z = h ,  
intruding at a temperature within a semi-infinite 
medium with geothermal gradient y and thermal 
diffusivity a ,  and bounded at the surface z = 0 with 
surface temperature TI, appropriate initial and boundary 




Fig. 1 .  Schematic crustal cross-section 
MANTLE of the Parani Basin (modified from 
Molina el al., 1989) showing sills, 
dykes and possible underplate. 
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Fig. 2. Initial conditions for the analytical model of multiple 
intrusions. The bold line shows temperatures at t = 0. T, is the 
surface temperature, 
average geothermal gradient. The shaded rectangles represent 
sills with top at depth a, and bottom at depth b,. 
the intrusion temperature, g the 
The initial condition given by Eq. (2b) describes the 
sedimentary strata and intrusives at their post-intrusive 
stratigraphic positions, and with the temperatures in the 
sediments determined by the geothermal gradient 
evaluated at post-intrusive depths. This initial condition 
ignores the vertical displacement of the temperature field 
in the sediments caused by the physical insertion of the 
intrusives into the sediments, but the errors introduced 
into the post-intrusive thermal history are insignificant 
for all situations addressed in this investigation. 
Equation (l), under the conditions in Eq. (2), was 
solved using the method of images and direct integration 
of the expression found in Carslaw & Jaeger (1959, p. 
62). The solution is expressed by: 
T(a,  b ,  z ,  t )  = $(T - T,) { er - a )  - e r j ( 7 )  
( h  + 2)' 
- exP -7) 
- exp (-7) + exp (-T)} (a + z)2 
(3) 
where erf is the error function, /3 = (4~vt)' '~ and 
T(a ,  6 ,  z ,  t )  is the resulting temperature perturbation 
due to a single sill. The  solution for the simultaneous 
intrusion of n sills (see Fig. 2) of different thicknesses 
(6, - a,) is obtained by superposing the solutions of each 
individual sill, such that 
T(z ,  t )  = T, +gz + T(a,, b,, z ,  t ) .  
i= 1 
(4) 
In the numerical evaluation of this solution, rock 
thermal diffusivity is assumed to be 10-'mm2 s- ' ,  
uniform throughout. The  thermal diffusivity of common 
rocks varies by about a factor of two. This range of 
diffusivity causes no significant difference in the 
temperature increment due to the intrusion, only a time 
lag of a few thousand years in the attainment of the same 
temperatures. The  heat transferred from the intrusion 
into the surrounding rocks comprises heat lost through 
cooling from the intrusion temperature to background 
geothermal gradient temperature, plus the latent heat of 
crystallization. Latent heat release was simulated with an 
appropriately higher intrusion temperature (Jaeger, 
1965). In our computations we use T,= 1200°C. 
EFFECTS OF COOLING BASALT 
FLOWS AND UPPER CRUSTAL SILL 
INTRUSIONS 
Intrusion of an individual sill releases an amount of heat 
proportional to its thickness. Subsequently, the thermal 
diffusivity of the surrounding rocks controls the rate of 
conductive heat transfer, and any location within a range 
equivalent to a few sill thicknesses will experience an 
increase in temperature up to some maximum value 
roughly inversely proportional to the distance of the 
point of* interest to the intrusive body. The  temperature 
at that point will then decrease gradually until the 
background geothermal gradient temperature is re- 
established. 
The  temperature history for a site affected by 
simultaneous multiple intrusions can be much more 
complex than the case discussed above. On the one hand, 
sills at different relative distances to a given 
location may cause the site to experience several 
increases and falls of temperature as the 'thermal front' 
emanating from each sill reaches it. O n  the other hand, 
the composite effect of multiple sill intrusions to the 
thermal history of a site may be a single extended period 
of high temperatures as the thermal front of each sill 
reaches the site before the previous front has had time to 
dissipate fully. 
We have evaluated Eq. (4) for several distributions of 
flows and sills, but report here only one representative 
example depicted in Fig. 3, a calculation performed on a 
stratigraphic section of 2 km containing 900 m of surface 
basalt flow and 10 sills with thicknesses varying between 
1 and 12m. We assumed a surface temperature 
= 20°C and a geothermal gradient of 26 K km-', the 
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average for the ParanH Basin (Hurter, 1992). Figure 3 
illustrates the thermal history of the complete 
igneous/ sedimentary column at different times between 
1 yr and 200 kyr after the igneous event. Each curve 
corresponds to the temperature as a function of depth, at 
indicated times after intrusion. One year after intrusion 
(Fig. 3a), the thermal signature of individual sills can be 
clearly recognized as high-temperature spikes; the broad 
high-temperature depth interval at the top of the section 
represents the thick surficial basalt cap. Peak sediment 
temperatures within the sill-intruded depth interval 
(1.8-2.2 km depth) range from the intr,usion temperature 
immediately adjacent to the sills to 170°C away from the 
sills, and are reached within 1 yr to 300 yr after sill 
intrusion. 'The 100-yr curve shows that peak tempera- 
tures at sill sites decrease rapidly and heat is transferred 
to the sediments in the vicinity of these sills, smoothing 
out the spikes. The  effect of the surficial basalt cap is not 
yet felt at the depth of the sills. Temperatures at 4 kyr in 
the 1.8-2.2 km depth interval range from 118 to 125°C 
and are rather uniform. Temperaures do not fall below 
100°C before the thermal front from the overlying basalt 
cap reaches this interval sometime around 5 kyr; by 6 kyr 
the entire section is again warming. The  later thermal 
history can be observed in Fig. 3(b), depicting an 
expanded view of the sediment/sill interval between 1.8 
and 2.2 km depth only. The 15-kyr curve in Fig. 3(b) 
shows heating still in progress; the heating continua up 
to 27 kyr at which time the shallower part of the depth 
interval of interest (1.8 km depth) starts to cool while the 
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Maximum temperatures reached at this second warming 
range from 185 to 210°C in this section and at 30 kyr the 
whole interval has practically uniform temperatures of 
180-1 90°C. Thereafter, this scction cools uniformly but 
slowly, and at 100 kyr temperatures are still above 100°C; 
it takes 180 kyr for the whole section to fall below 100°C. 
Only within 200 kyr is the section within 20°C of the 
geothermal gradient background temperatures. 
The  effect of the surface basalt cap extruded as a 
sequence of thin (50 m) flows at a rate of 1 flow/50 kyr, 
rather than as a single 900m extrusion, is negligible, 
with each flow decaying to background temperatures 
within 30 kyr, before the next flow extrudes. Only when 
the extrusion of the total surficial basalt thickness occurs 
simultaneously with thc sill intrusions at depth, as 
depicted in Fig. 3, does the basalt cover provide a second 
heating event which maintains temperatures within the 
sediments above 100°C for about 150 kyr. The  sequential 
emplacement of the sills and flows, i.e. distributing the 
intrusion and extrusion events over time, allows the loss 
of heat and the reduction of temperatures during the 
intervals between the emplacement of individual basalt 
flows /sill intrusions. By considering the sills intruded 
simultaneously with the extrusion of the flood basalts, 
their combined effect is maximized. The  modelling of 
sequential sill intrusion is complicated by the fact that 
the sequence at which they might have been emplaced is 
unknown. Nevertheless, the example above uses reason- 
able ranges in thickness and timing and reveals how 
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Fig. 3. (a) Calculated temperature evolution due to multiple sill intrusion and simultaneous basalt cap extrusion. Each curve is 
labelled with the respective time after extrusion/intrusion. (b) Expanded view of the intruded interval for latcr times; 100-yr curve 
is shown in both (a) and (b). The temperature due to a geothermal gradient of 26 K km ~' is also shown. 
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Temperatures and heat flow of the Parana Basin 
T o  illustrate further .these results and the general 
characteristics of this short-lived event, we have 
evaluated Eq. (3) for the instantaneous extrusion of 2 km 
of basalt, more than twice the thickness of the flow 
considered in the previous calculations and depicted in 
Fig. 3 .  Peak temperatures at 5 km depth (Fig. 4a) are 
higher (more than 200°C above background tempera- 
tures), but short-lived, decaying to a perturbation of less 
than 50°C within 500 kyr. The  temperature perturbation 
decays to less than 1% of the unperturbed temperatures 
within 8Myr  after the extrusion event at all depths 
between the surface and 5 km depth in the basin. This 
maximum effect scenario (instantaneous thick extrusion) 
is, however, unlikely, and we believe that the cooling of 
flood basalts and upper crustal sill-like intrusions is 
likely to be completed within less than 1 Myr. There 
certainly will not be a residual perturbation to the 
present-day temperatures within the sediments. 
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Fig. 4. Temperature perturbation at 5 km depth due to (a) 
cooling of 2-km-thick surface flood basalts and (b) cooling of a 
10-km-thick underplate with upper surface at a depth of 30 km 
in the lower crust. The thermal perturbation amounts to less 
than 1% of the undisturbed temperatures after 8 Myr since 
flood basalt extrusion and after 80 Myr following the 
underplating event. Note the different amplitude and time 
scales of (a) and (b): the perturbation shown due to the basalt 
flow decays completely well before the effect of the underplate 
reaches its maximum. 
EFFECTS O F  AN UNDERPLATE 
The magnitude and duration of a thermal perturbation at 
5 km depth due to the cooling of an underplate in the 
lower crust between 30 and 40 km depth (Fig. 1) can also 
be evaluated with Eq. (3). The  10-km-thick underplate 
corresponds to a volume more than five times that of the 
extruded basalt volume. We use the same values for all 
other parameters as in the calculations for the flood 
basalt extrusion. The  perturbed temperatures will decay 
to less than 1% of the unperturbed temperatures in the 
basin within 80 Myr after the underplating event (Fig. 
4b). The  magnitude of the temperature perturbation is 
much less than in the previous case; the maximum 
perturbation is less than 10°C, causing an added heat 
flow at the surface of less than 5 mW m-.', for only a 
short interval soon after emplacement. 
DISCUSSION AND CONCLUSION 
The analytical model we present of the conductive 
cooling of intrusive sill-like bodies and extrusive basalt 
flows suggests that these affect the temperature field 
within the sediments of the Parani Basin for less than 
1 Myr, and that the temperatures above 100°C can be 
maintained only for about 200 kyr locally. The  duration 
of maximum temperature conditions is a function of the 
time interval between extrusion / intrusion of individual 
flows/sills. The  effects on basin temperatures and heat 
flow due to a large underplate in the lower crust beneath 
the basin reach a maximum of about 10°C and 
5mWmp2,  respectively, at about 10Myr after the 
underplating event, decaying to unperturbed values 
within 80 Myr. Therefore, transit effects due to the 
cooling of a lower crust underplate do not affect the 
present-day heat flow and temperature field in the Parana 
Basin. 
The  thermal perturbation in the mantle that lcd to the 
production of the basalt and underplate has an even 
smaller direct effect on the thermal history of the basin. 
Most estimates of the 'excess' temperature in the mantle 
that leads to significant volumes of melt are in the range 
200-300 K (Schilling, 1991; Sleep, 1992). A perturbation 
of this magnitude, while very significant in terms of 
igneous rock production, plays an insignificant role in the 
thermal evolution of the basin sediments. The  increase 
of heat flow into the basin is both small and transient, 
and does not come close to equalling the long-term 
thermal effects of burying the sediments beneath the 
flood basalt cap, as discussed briefly below. 
Thermal perturbations and their duration in sedi- 
mentary basins are of interest for assessing the maturity 
of the sediments and the state of evolution of hydro- 
carbons. For that purpose the important parameter is the 
time-temperature integral (TTI), i.e. an index that 
quantifies the cumulative effects of both temperature 
conditions and their duration. For the examples in Figs 3 
243 
S. J. Hurter and H. N. Pollack 
and 4, this index is proportional to the area under the 
temperature history curve. The  burial of sediments 
beneath a thick basalt cap increases the temperatures 
under the basalt for long periods of time, not because of 
the transient elevated temperatures of the extrusion, but 
rather because of the effects of the geothermal gradient 
and the depression of the sediments to greater depths. 
The deposition of 2 km of basalt in the central part of the 
Parana Basin could cause a temperature increase on the 
order of 50°C in the sediments, assuming an average 
geothermal gradient. This temperature increases due to 
shallow intrusive and extrusive bodies. However, 
because the timc interval in which this temperature 
increase has existed is at least an order of magnitude 
longer (more than 100Myr) than that given by the 
cooling of igneous bodies, the burial effect has a much 
larger TTI than that yielded by the igneous event. On a 
regional scale, burial by basalt flows affects maturation 
and hydrocarbon generation more than the cooling of 
igneous bodies. 
In conclusion, it is unlikely that therc are residual 
effects related to the cooling of the Serra Geral igneous 
rocks (flood basalt, intrusives and underplate) in the 
present-day heat flow and temperature field of the Parana 
Basin. In terms of promoting the organic maturation of 
the sediments and hydrocarbon generation on a regional 
scale, burial depth beneath the thick flood basalts may be 
the most important factor. 
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